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Identifying broad-scale evolutionary processes that maintain phenotypic polymorphisms has been a major goal of modern evolu-
tionary biology. There are numerous mechanisms, such as negative frequency-dependent selection, that may maintain polymor-
phisms, although it is unknown which mechanisms are prominent in nature. Traits used for individual recognition are strikingly
variable and have evolved independently in numerous lineages, providing an excellent model to investigate which factors main-
tain ecologically relevant phenotypic polymorphisms. Theoretical models suggest that individuals may benefit by advertising their
identities with distinctive, recognizable phenotypes. Here, we test the benefits of advertising one’s identity with a distinctive phe-
notype. We manipulated the appearance of Polistes fuscatus paper wasp groups so that three individuals had the same appearance
and one individual had a unique, easily recognizable appearance. We found that individuals with distinctive appearances received
less aggression than individuals with nondistinctive appearances. Therefore, individuals benefit by advertising their identity with
a unique phenotype. Our results provide a potential mechanism through which negative frequency-dependent selection may
maintain the polymorphic identity signals in P. fuscatus. Given that recognition is important for many social interactions, selection
for distinctive identity signals may be an underappreciated and widespread mechanism underlying the evolution of phenotypic
polymorphisms in social taxa.
KEY WORDS: Colony-level benefit, color polymorphism, dominance hierarchy, evolutionary stable strategy, individual recogni-
tion, paper wasp.
Phenotypic polymorphisms occur in a wide range of taxa from
flowers (Gigord et al. 2001) to fish (Olendorf et al. 2006), al-
though the adaptive value of many polymorphisms is often un-
clear. Given that selection and genetic drift typically reduce the
amount of variation in a population, explaining these striking
phenotypic polymorphisms has been a challenge for evolutionary
biologists.
A number of explanations for the evolution of phenotypic
polymorphisms have been proposed including local adaptation,
mutation–selection balance, and negative frequency-dependent
selection (Mitchell-Olds et al. 2007). In local adaptation, con-
nected populations each adapt to separate ecological conditions so
that individuals within a local population are relatively monomor-
phic (Hoekstra et al. 2006). Under the local adaptation hypoth-
esis, phenotypic polymorphism within a population results from
migration between populations with opposing selection regimes.
Migrants with rare phenotypes generally have lower fitness so
the polymorphism is a consequence of gene flow, not adaptation
3 1 0 6
C© 2009 The Author(s). Journal compilation C© 2009 The Society for the Study of Evolution.
Evolution 63-12: 3106–3113
EVOLUTION OF IDENTITY SIGNALS
per se (Yeaman and Jarvis 2006; Mitchell-Olds et al. 2007). Poly-
morphisms may also arise via the accumulation of deleterious
variants affecting phenotypes that have yet to be purged by selec-
tion. Although mutation–selection balance has been extensively
studied from a theoretical perspective (Zhang and Hill 2005), few
empirical studies have directly tested how much phenotypic vari-
ation arises from deleterious mutations. Unlike the local adap-
tation and mutation–selection balance hypotheses, the negative
frequency-dependent selection hypothesis posits that rare pheno-
types are favored by selection such that polymorphism within
populations is adaptive. Although frequency-dependent selection
has the potential to be a powerful evolutionary mechanism for
the promotion and maintenance of polymorphisms, relatively few
studies have documented frequency-dependent selection in natu-
ral populations. Documented examples have typically been nar-
row in scope (Fitzpatrick et al. 2007) or governed by unknown
mechanisms (Nosil 2006; Olendorf et al. 2006). To date, there
are few examples of widespread ecological and evolutionary pro-
cesses that may favor polymorphisms.
One promising system for research into the evolution of
phenotypic variation is individual recognition. The highly vari-
able phenotypes used for individual recognition are among the
most striking examples of phenotypic polymorphism in nature
(Fig. 1A). Individual recognition occurs when individuals are able
to discriminate among multiple social partners based on unique
phenotypic characters (Tibbetts and Dale 2007; Tibbetts et al.
2008). Individual recognition has evolved independently in a wide
range of taxa, making it an excellent model for investigating the
evolution of phenotypic polymorphism. Efficient navigation of
complex social environments depends on individual recognition
in a number of diverse species, including Polistes paper wasps
(Tibbetts 2002; Sheehan and Tibbetts 2008), Pachycondyla ants
(D’Ettorre and Heinze 2005), lobsters (Karavanich and Atema
1998), crayfish (Seebacher and Wilson 2007) as well as many
vertebrates (Jaeger 1981; Cheney and Seyfarth 1999; Jouventin
et al. 1999; Hurst et al. 2001; Paz-y-Mino et al. 2004; Grosenick
et al. 2007). Species use individual recognition to discriminate
among social partners in a number of different contexts such as
parental care (Jouventin et al. 1999), the recognition of territo-
rial neighbors (Jaeger 1981), and linear dominance hierarchies
(Tibbetts 2002).
To date most of the research on individual recognition has
focused on the presence or absence of recognition behavior in a
given species, whereas relatively little research has focused on the
individual being recognized. It is unknown whether individuals
are selected to signal their identity with distinctive phenotypes
(i.e., via an identity signal) or if observers cue into otherwise
neutral phenotypic variation to recognize conspecifics (Tibbetts
and Dale 2007). If being memorably different is advantageous,
rare phenotypes are predicted to spread via negatively frequency-
dependent selection such that individuals who look, sound, or
smell unique will be favored (Dale et al. 2001). Even relatively
minor benefits associated with distinctiveness can lead to the evo-
lution of identity signals as long as the phenotypes used for recog-
nition are not costly to produce or maintain (Dale et al. 2001).
Here, we experimentally test whether there are benefit as-
sociated with the distinctive, recognizable phenotypes used for
individual recognition. Specifically, we test whether distinctive-
ness is beneficial within a linear dominance hierarchy. Within
species with dominance hierarchies, individuals with unique, rec-
ognizable phenotypes are predicted to benefit by receiving less
aggression than indistinguishable individuals (Barnard and Burk
1979; Dale et al. 2001). Both dominants and subordinates are
predicted to benefit from distinctive phenotypes. When animals
contest a resource (such as food or a position in a dominance
hierarchy) both the winner and loser benefit by settling the con-
test without costly escalation (Maynard Smith and Harper 2003).
Although some species possess signals, such as badges of sta-
tus, that allow contestants to assess relative agonistic ability, such
signals are often poor predictors of fighting ability. Individual
recognition, however, allows individuals to accurately assess so-
cial partners based on the outcomes of prior interactions. Typi-
cally, the first encounter between two competing individuals is
quite aggressive, as individuals fight to establish their relative
dominance ranks. When individuals can recognize each other,
aggression typically declines in subsequent interactions because
relative dominance ranks have already been established (Dreier
et al. 2007; Sheehan and Tibbetts 2008). However, in species lack-
ing individual recognition, aggression is not predicted to decline
over subsequent encounters because the relative ranks of social
partners are not clear unless individuals engage in new aggressive
contests (Barnard and Burk 1979).
We experimentally tested the benefits of distinctive, easily
recognizable phenotypes in the paper wasp, Polistes fuscatus,
which uses variable facial patterns for individual recognition
(Fig 1A., Tibbetts 2002; Sheehan and Tibbetts 2008). In this
species, multiple queens often found nests together. The queens
cooperate to rear offspring, but they also compete to form a linear
dominance hierarchy (West Eberhard 1969; Reeve 1991). Individ-
ual recognition is thought to play an important role in mediating
aggressive dominance interactions among wasp queens and aid-
ing colony stability (Tibbetts 2002). We set up groups of four
unrelated wasp queens: three wasps with a similar, common ap-
pearance and one with a distinctive, rare appearance (Fig 1B) and
then compared the interactions of individuals with common and
rare appearances.
We make a number of specific predictions about how dis-
tinctiveness will influence social interactions. First, distinctive
individuals are expected to be more easily identifiable than
nondistinctive individuals. Therefore, individuals with a unique
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Figure 1. (A) Polistes fuscatus use highly variable facial markings for individual recognition. (B) Examples of wasps with experimentally
altered facial patterns. The wasp in the lower right hand corner has a yellow dot on its clypeus. Ten trials contained three wasps with
black clypeus tips: one wasp with a yellow clypeus tip whereas eight trials contained one wasp with a black clypeus tip: three wasps
with yellow clypeus tips.
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phenotype are predicted to receive less aggression than individuals
with a common phenotype. Second, individuals are predicted to
have difficulty determining the relative ranks of individuals with
common appearances, so the amount of aggression an individual
initiates is expected to depend on the number of distinctive versus
common individuals they interact with. As a result, wasps that
interact with three nondistinctive individuals will initiate more
aggression than wasps that interact with two nondistinctive and
one distinctive individual.
Methods
In early spring 2007, behavioral interactions were observed
among 18 groups of queens collected from distant locations sep-
arated by at least 1 km around Ann Arbor, Michigan. Each group
contained four foundresses that had never previously encoun-
tered each other. This mimics natural foundress behavior in early
spring. After Polistes foundresses emerge from diapause, they in-
teract with many individuals before settling down to start a nest,
either alone or with other foundresses that may or may not be
related (Reeve 1991; Queller et al. 2000). Within each group, we
painted three wasps to have similar appearances and one wasp
to have a unique appearance. The experimental manipulation of
markings created a situation in which only one individual (i.e.,
the unique wasp) was recognizable, allowing us to test the bene-
fits of having a phenotype that allows for individual recognition.
Unlike the quality signals found in Polistes dominulus (Tibbetts
and Dale 2004; Tibbetts and Lindsay 2008; Zanette and Field
in press) and Polistes satan (Tannure-Nascimento et al. 2008),
the variable patterns in P. fuscatus are not correlated with con-
dition (Tibbetts and Curtis 2007) and do not convey information
about their bearer’s agonistic abilities. Nevertheless, to ensure that
behavioral responses resulted from distinctiveness rather than a
particular color pattern, the same color patterns were used for
distinctive and nondistinctive wasps in different trials. In half the
trials, the distinctive wasp had one yellow facial spot whereas
in the other half of the trials; the common wasps had one yel-
low facial spot (Fig. 1B). These color patterns mimic naturally
occurring morphs of P. fuscatus (Tibbetts 2002). The initial ex-
periment that found individual recognition in P. fuscatus did so
by altering the color of small portions of the face, such as the tip
of the clypeus (Tibbetts 2002), indicating that the wasps are able
to distinguish between the treatments. Research on other social
insects, such as honey bees, has shown that Hymenopteran vi-
sual systems are well developed and can easily distinguish among
complex patterns (Stach et al. 2004). We chose the distinctive
wasp randomly, so the neutral expectation is that the distinctive
wasp will be just as likely to receive the most aggression from the
other group members, as it is to receive the least aggression from
the other group members.
For each trial, we chose four wasps with similar weight
(within 0.015 g) and general body coloration. To allow identi-
fication by the experimenters, each wasp was marked with two
small red dots in slightly different locations on the top of the tho-
rax. Given the position and coloring of the red dots the markings
are unlikely to increase the distinctiveness of wasps, as wasps do
not see red (Briscoe and Chittka 2001). Any additional variation
provided by the markings would only dampen the effect of the ex-
perimental treatment. After allowing the paint to dry, wasps were
placed in an 8 cm × 8 cm × 2 cm sized container and filmed for
2 h (see Supplementary information for an example video). The
paint treatments remained on all of the wasps’ faces throughout
the trials. Each wasp participated in only one trial.
MJS watched the tapes without knowledge of the specific ex-
perimental treatment. The actor and the recipient were noted for
each aggressive act. All aggressive acts including darts, lunges,
bites, grapples, and mounts were recorded (West Eberhard 1969).
Aggressive behaviors in social wasps are stereotyped, so re-
searchers score these same suites of aggressive behaviors across
studies (Reeve and Nonacs 1992; Tibbetts 2002; Strassmann et al.
2004; Weiner et al. 2009). To ensure that there was no subcon-
scious observer bias; MJS trained an individual with no knowl-
edge of the experimental treatment or expected outcomes to score
behavioral data. The naive observer watched 12 5-min samples
of video from various trials. There was nearly perfect agree-
ment between the initial received aggression ranks found by MJS
those found by the naı̈ve observer (Cohen’s Kappa with quadratic
weighting, k = 0.87), demonstrating that the results are robust
across observers (Landis and Koch 1977).
We analyzed the relative distribution of aggression using
two complimentary methods. First we asked whether distinctive
wasps engaged in a different number of aggressive interactions
than nondistinctive wasps. Because the levels of aggression dif-
fered among trials (mean = 254.44 ± 50.01, range = 120–1049
aggressive acts), we standardized aggression scores within each
trial. To calculate the score, we subtracted the mean number of
aggressive acts received or initiated in a trial from the number re-
ceived or initiated by the wasp of interest and divided this by the
standard deviation in aggression scores of that trial. The standard
aggression scores for distinctive wasps could then be compared
to the population average (set to 0) with one sample t-tests (Sokal
and Rohlf 1995). Second, we considered the relative distribution
of aggression. Within each trial, wasps were ranked 1 (most ag-
gression received) to 4 (least aggression received) to analyze the
distribution of aggression across all the trials. Because the distinc-
tive wasp was chosen randomly the null expectation is that they
should receive the most aggression in one-fourth of the trials, sec-
ond most in one-fourth of the trials, and so on. We conducted a
Monte Carlo simulation of the multinomial sampling distribution
for 50,000 iterations. This procedure samples the probability that
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Figure 2. Wasps with distinctive phenotypes (i.e., the rare morph)
benefit from advertising their identity. Distinctive wasps received
the least aggression in a disproportionate number of trials (multi-
nomial sampling distribution, N = 18, P = 0.038). In each trial,
wasps were ranked based on the total number of aggressive acts
they received from 1 (most) to 4 (least). The dotted line illustrates
the null expectation if aggression had been distributed randomly.
Only the ranks of distinctive wasps are shown.
a given distribution would occur compared to expected values and
approximates a chi-square goodness-of-fit test with a sufficiently
large number of iterations. Means are shown ± SEM and all tests
described are two-tailed.
Results
Rare, easily recognizable phenotypes provided a benefit during
social interactions, as the distinctive wasps received less aggres-
sion than the population average (mean aggressive acts received =
0.43 SD less than the population + 0.15 SE, one sample t-test,
t17 = −2.95, P = 0.0089). The color treatment did not affect
the amount of aggression that distinctive wasps received (two
sample t-test, t16.0 = 1.05, P = 0.31). Therefore, aggression was
influenced by whether a wasp was distinctive rather than the indi-
vidual’s particular color pattern. Because distinctive wasps were
chosen randomly among four individuals, the null expectation
is that they should receive the most aggression in one-fourth of
the trials and the least in one-fourth. The distribution of aggres-
sion, however, was skewed. Distinctive wasps received the least
aggression in a disproportionate number of trials (Fig 2. multi-
nomial sampling distribution, N = 18, P = 0.038), providing
additional evidence that individuals with distinctive phenotypes
benefit by receiving less aggression.
The amount of aggression initiated by an individual depended
on the number of distinctive versus common individuals they in-



















Figure 3. Wasps with distinctive phenotypes encountered three
wasps with the same appearance, whereas common wasps en-
countered two wasps with the same appearance. Wasps that en-
countered three individuals with the same appearance were the
most aggressive in a disproportionate number of trials (multino-
mial sampling distribution, N = 18, P = 0.033). The dotted line
shows the null expectation if aggression had been initiated ran-
domly with respect to the number of common versus distinctive
individuals each wasp interacted with. Only the ranks of distinc-
tive wasps are shown.
teracted with. Distinctive wasps interacted with three unidenti-
fiable individuals during each trial whereas common wasps in-
teracted with two unidentifiable individuals and one distinctive
individual. As a result, distinctive wasps were more aggressive
than the population average (mean aggressive acts initiated =
0.38 SD more than the population ± 0.17 SE, one sample t-
test, t17 = 2.18, P = 0.044). There was no relationship between
the amount of aggression a wasp initiated and the wasp’s color,
i.e., yellow spot or all black (two sample t-test, t14.7 = 0.42, P =
0.68). When considering the distribution of aggression, distinctive
wasps initiated the most aggression in a disproportionate number
of trials (Fig 3. multinomial sampling distribution, N = 18, P =
0.033).
Discussion
Overall, our results provide experimental evidence that individ-
uals benefit when they advertise their identities with rare, dis-
tinctive phenotypes. Wasps with distinctive, easily recognizable
appearances received less aggression than wasps with common
indistinguishable appearances. Given that receiving aggression is
costly (West Eberhard 1969; Reeve 1991; Maynard-Smith and
Harper 2003) these results indicate that distinctive phenotypes
are beneficial. In addition, our results indicate that identity sig-
naling likely provides a colony-level benefit in wasps. Wasps that
3 1 1 0 EVOLUTION DECEMBER 2009
EVOLUTION OF IDENTITY SIGNALS
interacted with indistinguishable social partners were more ag-
gressive than individuals that interacted with distinctive individu-
als. Thus, identity signaling plays an important role in mediating
the distribution of aggression in animal societies by allowing ag-
gression to be targeted appropriately. Our experimental results
demonstrate that there are benefits associated with having a rare
phenotype as well as interacting with individuals that have rare
phenotypes. Taken together, these results provide a mechanism
through which selection may have driven the evolution of vari-
able visual features in P. fuscatus: negatively frequency-dependent
selection.
EVIDENCE FOR IDENTITY SIGNALS
Prior research on individual recognition has primarily focused on
recognition behavior, with little research testing how selection acts
on the phenotypes of individuals being recognized (Tibbetts and
Dale 2007). Models for the evolution of identity signals critically
predict that recognizable individuals will benefit by advertising
their identities (Dale et al. 2001), and our results support the
predictions of these models.
Traits that evolved to signal individual identity are expected
to have a number of properties that distinguish them from traits
that evolved to convey other types of information (Dale 2006).
Specifically, identity signals are predicted to (1) be highly vari-
able with multimodal frequency distributions, (2) show low to no
correlations between traits, (3) be uncorrelated with fitness, (4)
expressed independently of condition, and (5) show a high degree
of genetic determination (Dale 2006). Any phenotype that fits
this specific set of criteria is a plausible candidate for an identity
signal.
Previous work indicates that P. fuscatus facial patterns fit the
predictions of identity signaling models. (1) The facial patterns
are highly variable (e.g., Fig. 1A) with a multimodal frequency
distribution and (2) no correlation among traits (Tibbetts 2002).
(3) The color variation does not correlate with indicators of fit-
ness. Tibbetts (2002) failed to find any relationship between facial
patterns and aspects of quality in nest founding queens such as
founding strategy, dominance rank, or weight. (4) The facial pat-
terns are also expressed independent of condition. Experimental
manipulation of larval nutrition had no effect on the development
of P. fuscatus color patterns (Tibbetts and Curtis 2007). (5) Finally,
facial patterns are more similar within a nest than between nests.
This similarity occurs across both workers and gynes (future re-
productives), although the different castes are reared in different
conditions. Therefore, there is likely to be a heritable component
to variation in facial patterns (M. J. Sheehan and E. A. Tibbetts,
unpubl. data). Of course, other mechanisms, such as developmen-
tal stochasticity (Leimar 2005) can give rise to polymorphisms,
so additional research will be important to assess the precise heri-
tability of P. fuscatus color patterns. Overall, the tight fit between
the theoretical predictions for identity signals and the character-
istics of P. fuscatus facial patterns suggests that paper wasp facial
patterns have likely evolved to signal individual identity.
Comparative work in Polistes provides further evidence that
variable color patterns have evolved because distinctiveness is
beneficial in certain paper wasp species. The kind of variable
color patterns required to signal individual identity have evolved
multiple times in Polistes species with complex social interactions
and linear dominance hierarchies (Tibbetts 2004). Species with
simpler social interactions, however, do not have variable visual
markings. Instead, they have a uniform, species typical color pat-
tern with low intraspecific variability. Given that the majority of
Polistes species do not have variable coloration patterns (Tibbetts
2004), the conspicuous phenotypic polymorphisms used for iden-
tity signaling in P. fuscatus are unlikely to be the result of neutral
processes. Rather, selection for distinctive identity signals likely
drives the evolution of elaborated, recognizable phenotypes.
Although our results demonstrate that individuals can benefit
by advertising their identities, social interactions will not neces-
sarily lead to the evolution of phenotypic polymorphism and iden-
tity signals. For example, the chemical profiles that Pachycondyla
queens use for individual recognition (D’Ettorre and Heinze 2005;
Dreier et al. 2007) are not more variable than chemical profiles in
ant species lacking individual recognition (Dreier and D’Ettorre
2009). Therefore, observers can cue into variation that has not
evolved specifically to signal identity. When being recognizable
is neutral, variable features used for individual recognition may be
lost. In some circumstances, selection may even favor individuals
that conceal their identities (Johnstone 1997).
IDENTITY SIGNALING AND NEGATIVE
FREQUENCY-DEPENDENT SELECTION
Most previous examples of negative frequency-dependent selec-
tion focus on systems with a limited number of morphs that are at
an evolutionarily stable state. When multiple, evolutionarily sta-
ble foraging or mating strategies are maintained in a population
via negative frequency-dependent selection, selection maintains
the relative frequencies of the strategies at equilibrium (Maynard
Smith 1982). In contrast to many other examples of negatively
frequency-dependent selection, selection for identity signaling
favors individuals with a unique appearance rather than a partic-
ular strategy. As a result, it is expected to produce a large array
of polymorphic phenotypes. Unique traits are favored because
they are useful for discriminating among conspecifics and thus
are expected to spread in a population. As a trait increases in
frequency, it will become less useful for discriminating among
individuals at which point it is no longer expected to spread in
the population. Unlike evolutionary stable strategies, new vari-
ants are expected to invade the population because they provide
individuals with distinctive phenotypes. Over time, this dynamic
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is expected to produce populations with numerous polymorphic
traits that are uncorrelated (Dale et al. 2001; Dale 2006), as ob-
served in P. fuscatus (Tibbetts 2002). Therefore, selection for
identity signaling differs from many other examples of negatively
frequency-dependent selection because it favors extremely high
variation, rather than maintaining a limited number of morphs at
equilibrium.
BENEFITS: INDIVIDUAL OR GROUP?
Polistes fuscatus paper wasps live in complex social groups where
the fitness of an individual is influenced by the productivity of
their colony, so distinctive phenotypes may provide benefits for
both the individual and the group (Korb and Heinze 2004). Our
experiment was designed to test Dale et al.’s (2001) model, which
posits that individuals with rare, recognizable phenotypes will
benefit by receiving less aggression during social interactions;
our results are consistent with this prediction. In most taxa, high
levels of aggression are costly, as fighting increases the chance
of injury (Jaeger 1981). In Polistes, intense fighting can lead to
severe injury including the loss of limbs and wings or even death
(West-Eberhard 1969; M. J. Sheehan and E. A. Tibbetts, pers.
obs.), suggesting that reductions of aggression through identity
signaling may increase individual fitness. Further, individuals that
receive intense aggression often reduce other activities, including
brood care, foraging, and social interactions. Previous research on
individual recognition in P. fuscatus indicates that distinctiveness
may reduce aggression in a range of contexts. Known individuals
receive less aggression than unknown individuals on nests (Tib-
betts 2002) and in the laboratory (Sheehan and Tibbetts 2008).
The results of this experiment suggest that there may also be
colony-level benefits associated with identity signaling. Individ-
uals that interacted with indistinguishable conspecifics initiated
more aggression than those that interacted with more distinc-
tive conspecifics. Further, interacting with distinctive conspecifics
may increase colony stability, as distinctiveness allowed individu-
als to target their aggression appropriately. In natural colonies of P.
dominulus, lower levels of aggression are associated with higher
rates of resource sharing (Tibbetts and Reeve 2000). Whether in-
creased cooperation is a cause of consequence of lower aggression
levels is unknown, though at least one theoretical model predicts
that individual recognition will increase cooperation (Crowley
et al. 1996). Therefore, distinctive phenotypes are likely to be
favored at both the individual and colony level in P. fuscatus.
Conclusion
Overall, selection for identity signals is likely to occur across a
range of taxa and sensory modalities. Our results demonstrate that
easily recognizable individuals with rare, distinctive phenotypes
benefit by receiving less aggression from conspecifics than indi-
viduals with common, nondistinctive phenotypes. Highly poly-
morphic features facilitate recognition in a wide range of taxa
from paper wasps to swallows (Medvin et al. 1993) to humans
(Kanwisher and Yovel 2006). Further, recognition is an essential
component of social interactions across a range of behavioral con-
texts (Sherman et al. 1997; Mateo 2004; Tibbetts and Dale 2007).
Therefore, negative frequency-dependent selection favoring iden-
tity signaling is likely to be an underappreciated mechanism for
the maintenance of phenotypic polymorphisms in many social
taxa. Future research on identity signals is likely to uncover many
more social situations in which the benefits of being unique have
driven the evolution of phenotypic diversity.
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